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ABSTRACT   
In this work, we designed and recorded two-dimensional Hexagonal Photonic Crystals (2D-HPC) layers, with a linear 
waveguide, in erbium doped GeO2-Bi2O3-PbO-TiO2 glassy films, by combining the techniques of holographic recording 
and femtosecond (fs) laser micromachining. The 2D-HPC is recorded holographically in a photoresist film coated on a 
glass substrate by exposing the sample to the same interference pattern twice and rotating the sample of 60° between the exposures. After the development a two dimensional hexagonal array of photoresist columns remain on the glass 
substrate. The recording of the waveguide is made by a fs laser micromachining system focused at sample surface. The 
laser spot produces the ablation of the photoresist columns generating a defect line in the periodic hexagonal array. After 
the recording of the photoresist template, the erbium doped GeO2-Bi2O3-PbO-TiO2 film is evaporated on the photoresist 
and finally the photoresist template is removed using acetone. The design of the geometrical parameters of the 2D-HPC 
is performed by calculation of   the dispersion mode curves of the photonic crystal using a 2D finite element method. The 
proper geometrical parameters depend on both the refractive index of the glass film and thickness. Such parameters as 
well as the period of the 2D-HPC have been defined in order to obtain a photonic band gap in the region of erbium 
luminescence band. In such condition the erbium luminescence will propagate only through the waveguide.   
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1. INTRODUCTION  
Two-dimensional photonic crystals (2D-PC) slabs are candidates for the platform of optical integrated circuits. It is 
possible to design 2D-PC and use them as photonic-band-gap waveguides, resonators and other functional components 
[1],[2]. The use of optical materials instead of semiconductors allows the production of passive waveguides and PC’s for 
the visible part of the spectrum [3]. 
In order to exhibit a photonic band gap for a desired region of the electromagnetic spectrum, the geometry of the two-
dimensional structures must be appropriately defined. Dielectric slabs with air holes are more convenient for fabrication 
of photonic crystals than dielectric columns because they present higher effective refractive index and they can be self-
sustained [4]. Besides this fact, structures formed by a hexagonal array of air holes in a dielectric film are more 
convenient for fabrication of photonic crystal slabs because they exhibit PBG for a large range of geometries [5] and 
smaller dielectric refractive index [6]. 
2D-PC slabs can be fabricated by electron beam lithography [7] or holographic lithography [8]. The first technique is 
largely employed because it allies high resolution and flexibility in the fabrication of the structures since arbitrary 
patterns can be recorded. However, the electron beam lithography requires expensive equipment and the writing time is 
very slow. In this way, the holographic lithography is an interesting alternative for the generation of high-resolution 
periodic structures in large areas with low costs. 
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Photonic crystal waveguides consists of a row of modified unit cells of the photonic crystal, patterned into a high index 
dielectric film. In this case, the guiding is due to a mixture of total internal reflection at the high index film/low index 
cladding interfaces and distributed reflections from the photonic crystal in-plane [9].   
In particular, femtosecond (fs) laser micromachining can be used to produce the photonic crystal waveguide in a 
photonic crystal structure. The nonlinear nature of the absorption confines any induced changes to the focal volume. This 
spatial confinement combined with laser-beam scanning or sample translation, makes it possible to micromachining 
geometrically complex structures in one, two or three dimensions [10]. 
In this work, hexagonal 2D-PC crystals were fabricated using holographic lithography, fs laser micromachining and a 
liftoff process. In the process of liftoff structure is first recorded in a photoresist deposited directly on a substrate. After 
development, there is a deposition of the erbium doped film on the relief pattern of photoresist using a non-isotropic 
deposition technique i.e. which allows shading of the structure. This shading is such that no deposition occurs on the 
sidewalls of the photoresist structure. Thus, after deposition, the photoresist structure can be removed leaving the 
complementary pattern recorded in the deposited material.  Figure 1 shows a schema of this process. For this process, the 
structure recorded in the photoresist should have good vertical walls, high-aspect ratio and deposited thickness should 
not be greater than half of the height of the photoresist structure. 
 
 
Figure 1 Schema of the fabrication process of the 2D-PC using the Lift-off technique. (a) photoresist film, (b) Double 
exposure of the interference pattern followed by developing the photoresist, (c) removing some resin columns by fs laser 
micromachining, (d) deposition of glass doped with erbium and (e ) waveguide photonic crystal after remove the 
photoresist.  
We started by simulating the 2DPC structure in order to determine a photonic bandgap at 1550 nm, i.e., in the region of 
erbium luminescence. Our goal is to obtain a photonic structure that can be pumped at 980 nm and have the output 
waveguide only at 1550 nm. 
2. TEORETICAL SIMULATION 
The simulation was carried out using the Finite Element Method with 4152 elements and 8437 unknown variables. The 
Figure 2 and Figure 3 show the photonic band structure for TE and TM modes for a hexagonal geometry, respectively. 
From these figures, it is possible to note that the proposed photonic crystal presents a band gap around the normalized 
frequency of 0.4 for TE modes and two small band gaps around 0.34 and 0.793 for TM modes. Consequently, this 
structure can be used for the development of photonic devices that operate only in TE or TM modes. 
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Figure 2. The photonic band structure for TE modes. 
 
Figure 3. The photonic band structure for TM modes. 
3. ERBIUM DOPED GLASS SYNTHESIS 
A Er3+ doped germanate glass sample with molar composition ( )2 2 3 2 2 30,99 +30 +2040GeO Bi O PbO+10TiO E0 01 r+ O,  
was prepared. The sample was obtained by melting-quenching methodology. Initially, stoichiometric quantities of 
reagents were weighed (and subsequently mixed with the aid of an agate mortar). The mixture was then transferred to a 
platinum crucible. The mixture was brought to fusion in an electrical furnace for 30 min. at 1200 ºC. The molten was 
then cooled down to 950 oC before to be transferred into a stainless steel mold preheated at 350 ºC for 120 min. The 
Figure 4 shows the glass sample obtained. The refractive index, n, of this glass was measured by M-Lines technique and 
the result obtained was n=2.25 at λ=633 nm.  
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Figure 4. Glass Sample synthetized.  
4. PHOTONIC CRYSTAL FABRICATION 
   
4.1 Holographic Fabrication 
SC 1827 positive photoresist was spin coated on the substrate forming films of about 0.6 µm in thickness. After the pre-
bake for 20 min at 70 ºC, the films were exposed to a fringe pattern generated in the holographic setup, schematized in 
Figure 5, which uses an CW Solid State laser (at λ=458 nm) as a light source. Before interfering, the beams are expanded 
and collimated in order to generate homogeneous plane waves with circular spots of about 8 cm in diameter. For plane 





Λ =   (1) 
 
Figure 5. Holographic setup. 
Based on simulation, for TE mode, we set the period Λ=0.5 µm, in order to obtain a structure with photonic bandgap at 
1550 nm. We performed two holographic exposures by rotating the sample 60º between the first and second exposure. 
4.2 Waveguide fabrication  
The 2D-PC sample was micromachined using a Ti:sapphire laser, with pulses of 50 fs centered at 800 nm and 5 MHz of 
repetition rate. The laser beam was focused on the sample surface through the microscope objective with NA of 1.32. 
The sample was translated with respect to the laser beam at constant speed of 10 μm/s, using a computer-controlled xyz 
stage. The pulse energy was measured before the microscope objective and the obtained value was corrected by the 
corresponding objective’s transmittance (10 %). The experimental setup used for the micromachining is represented in 
Figure 6, in which a CCD camera was coupled to the optical system to follow the micromachining.  
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Figure 6. Experimental setup used for the micromachining. 
 
4.3 Erbium doped film deposition 
The 2D-PC with waveguide was placed within the electron beam evaporation system.  Once obtained the glasses, they 
were used as targets in an electron beam deposition system to obtain the glassy films. The films were evaporated in an 
EB-PVD system with vacuum (4x105 mbar) on the 2D-PC waveguide at room temperature using 5.0 kV of voltage and 
current of 10.0 mA. Tantalum crucibles were used in the electron beam gun to withstand the high temperatures generated 
during evaporation of the glass. Films have been prepared with thickness ranging 100 nm, by controlling the deposition 
time. The refractive index n of the film was measured by ellipsometry technique and we obtain an n=2.39 at λ=633 nm. 
This value was used in the simulation, in order to determine the geometrical parameters of the structure. 
5. RESULTS  
5.1 Holographic recording 
The Figure 7 shows the hexagonal photonic crystal template holographically recorded.  
 
Figure 7 – SEM of the holographic structure recorded in photoresist. 
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5.2 Waveguide fabrication 
Figure 8 shows the waveguide produced on top of 2D-PC array by fs laser micromachining. After focusing the laser 
beam on the sample surface through the microscope objective we control the pulse energy in order to obtain a waveguide 
as narrow as possible. 
 
Figure 8 – SEM of 2D-PC waveguide produced by fs laser micromachining. 
 
5.3 Erbium doped glass evaporation 
Figure 9 shows the SEM of the photonic crystal waveguide after erbium doped glass evaporation. The width of the guide 
was about 800 nm.  
 
 
Figure 9 – SEM of the photonic crystal waveguide after erbium doped glass evaporation  
5.4 Liftoff 
Evaporating the glass doped with erbium and removing this matrix resin, we have a 2D photonic crystal. Figure 10 
shows a 2D photonic crystal waveguide. 
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Figure 10 – liftoff. 
6. CONCLUSIONS AND PERSPECTIVES 
In this work, we designed and fabricated 2D-HPC layers, with a linear waveguide, in erbium doped GeO2-Bi2O3-PbO-
TiO2 glassy films, by combining the techniques of holographic recording and femtosecond (fs) laser micromachining. 
The results demonstrate the possibility to use these techniques as a low cost alternative to fabricate photonic devices 
instead of FIB or e-Beam lithography. The next step of the work involves the measurement of the luminescence of the 
Er3+ doped through the waveguide. 
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